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Preface to the Third Edition
Since the second edition of Human Thermal Environments was published in 2003, 
the world has embraced electronic communication, and this has provided true glo-
balisation of the subject. It was always the case that there was international commu-
nication and collaboration between scientists, but this is now ‘instant’, natural and 
expected practice. There are many avenues for communication, from the traditional 
scientific paper, which in paper or electronic form still provides the respected source 
of peer-reviewed knowledge, to widely available conference proceedings, numerous 
and varied websites, social networks, blogs and many more. Scientists and practi-
tioners benefit from the exchange of information and best practice across the world, 
and this provides a continued role for this book as a basic and comprehensive text 
and common reference. This third edition provides the most up-to-date and com-
prehensive coverage available of the principles and practice of human response to 
thermal environments.

All chapters have been revised and updated, and there are significant additions. 
There are new sections and chapters on the testing and development of clothing; 
adaptive models; thermal comfort for special populations; thermal comfort for spe-
cial environments; extreme environments, the weather, outdoor environments and 
climate change. Chapters 1 through 7 present fundamental principles. Chapter 1 
describes the six basic variables that make up human thermal environments and 
the fundamental principles of heat transfer between a person and his or her envi-
ronment. Chapter 2 describes how to use those principles to create a heat balance 
equation for a person in a thermal environment and how to conduct a thermal audit 
that can be interpreted to predict and assess the responses of people to hot, moder-
ate and cold environments. Chapters 3 and 4 describe physiological and psychologi-
cal responses. New thinking and research is presented, as well as an extension of 
the presentation of behavioural thermoregulation, which is at the forefront of new 
methods and adaptive models which have created much interest and activity across 
the world. Chapter 5 is concerned with measuring methods and includes specifica-
tion of instruments for measuring the environment, personal monitoring systems 
and specification of physiological instruments. The natural wet bulb temperature and 
its prediction is considered, as well as meteorological measurements and databases 
available on the Internet. Chapter 6 is concerned with dehydration and water require-
ments in response to human thermal environments. Control of body water, indica-
tors of dehydration and practical recommendations for drinking are provided, with 
a fuller consideration of sporting activities than in the previous edition. Chapter 7 
brings all of the fundamental principles together into thermal models which, as 
predicted in previous editions, have become an integral part of assessment and are 
being proposed as a basis for a universal approach to the subject. Thermal models 
have taken their place as an integrated part of the subject’s activity, and their role in 
computer-aided environmental design has become established. A new initiative to 
provide an International Organization for Standardization (ISO) model is presented, 



xx Preface to the Third Edition

as well as developments in a model that have led to the new Universal Thermal 
Climate Index (UTCI).

Chapters 8 through 10 are concerned with metabolic heat and clothing. Chapter 8 
considers how to measure and estimate metabolic heat production. Chapter 9 
describes the thermal properties of clothing, and a new Chapter 10 considers the 
testing and development of clothing.

Chapters 11 through 15 cover thermal comfort, heat stress and cold stress, all 
of which have had significant developments. There are now three chapters on the 
important area of thermal comfort. Chapter 11 provides the fundamental principles 
and methods for assessment of thermal comfort. It includes adaptive models and 
new approaches and perspectives on thermal comfort. Responses to specific environ-
ments are described in Chapter 12. Responses of specific populations are described in 
Chapter 13. New developments in heat stress assessment are presented in Chapter 14, 
which includes developments in the method of assessment using the WBGT index 
as well as the predicted heat strain (PHS) index, which has been adopted in inter-
national standards. Chapter 15 describes responses to the cold and includes the new 
wind chill temperature as well as developments in working practices.

Chapter 16 considers human performance in thermal environments and is 
enhanced with a description of recent studies and approaches from a global per-
spective. Chapter 17 is updated and considers burns on contact with hot surfaces; 
sensation caused by contact with moderate surfaces; and discomfort, pain and loss 
in performance caused by contact with cold surfaces. This remains one of the few 
comprehensive treatments available in this area. Chapter 18 reflects a major contri-
bution to the application of the subject with the publication, revision and develop-
ment of international standards, now essential reading for the practitioner. Much has 
taken place since 2003, and this chapter provides the most up-to-date position. A 
new Chapter 19 considers the weather, outdoor environments and climate change. 
These are important issues for the future and will require an understanding of how 
people respond to thermal environments which are not typical of those they have 
been used to in the past. A new Chapter 20 covers extreme heat and cold and uses 
the principles presented earlier in the book to discuss how people respond up moun-
tains, in compressed air, in deserts, on frozen terrain and in snow, rain, wind and 
floods. It also considers environments in space, in tunnels, in water, underwater and 
in crowds. Expeditions and a global perspective are also covered. This complements 
the new material on sports events, fun runs, cold snaps and heat waves presented in 
earlier chapters.

K.C. Parsons
Loughborough, 2013
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Preface to the Second Edition
Since the first edition of Human Thermal Environments was published in 1993, the 
subject has moved into exciting times. While fundamental principles are accepted, 
knowledge has increased, methods of application are used and some are contro-
versial. From a base in military research and studies of fit, young people, there is 
now a recognition of the importance of the subject in all aspects of life worldwide. 
Many of the ideas expressed in the first edition have come to fruition such as rec-
ognition of the six basic parameters (variables) as an essential starting point and 
the use of computers. The first edition recorded work up until the 1990s and may 
have stimulated research and application after that. It was particularly important in 
describing work in the 1980s when the foundations for new approaches were estab-
lished. Developments that were at an early stage are now accepted. This second edi-
tion reports activity and progress into the twenty-first century while maintaining the 
description of the fundamentals of the subject and its development.

Programmes of European research have been a feature of the 1990s and beyond 
as the European Community has integrated activities over its member countries, 
stimulated co-operative research across countries and laboratories, industry, the 
military, consumers and other interested parties. Globalisation including worldwide 
electronic communication has had significant effects. New approaches to health and 
safety requirements have stimulated research and ‘useable methods’ and risk assess-
ment strategies have become an issue. In heat stress the predicted heat strain assess-
ment method has been developed, in cold stress working practices in industrial work 
are being established and the WCI reviewed, and in thermal comfort the PMV/PPD 
index hangs on as the agenda has moved to behavioural and adaptive approaches. 
Global databases of the results of collections of laboratory and field studies, made 
available on the worldwide web, can now allow quality control and research across 
the world to perform analysis on raw data. There has been an interest in special 
groups (e.g. people with disabilities) and special environments (e.g. vehicles, chilled 
ceiling and displacement ventilation). Knowledge of human skin contact with hot, 
moderate and cold surfaces has been developed, integrated and reported as part of 
the whole series of international standards that were first described at an early stage 
in the first edition and are now fully updated in this second edition. They provide 
an influential role in determining the direction of the subject and in stimulating 
research activity. New developments have provided new opportunities but we should 
not forget that the integrated subject of human thermal environments is based upon 
responses of people and the same fundamental principles apply. The second edition 
has introduced new developments since the previous edition while still maintaining 
a comprehensive description of the essentials of the subject.

All chapters have been revised, most with significant additions and there are 
new chapters on dehydration and water requirements and on thermal comfort for 
special populations, special environments and adaptive modelling. Chapters 1 to 7 
present fundamental principles. Chapter 1 describes the six basic variables that make 
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up human thermal environments and now includes the effects of solar radiation. 
Improvements to the heat balance equation include the effects of clothing ventila-
tion and practical application is enhanced with a description of the thermal audit 
which will become a fundamental starting point in all human thermal environments 
assessments. Chapters 2 and 3 describe physiological and psychological responses. 
The controversial selective brain cooling is discussed as well as developments in 
behavioural thermoregulation. Chapter 4 is a new chapter which marks the increas-
ingly recognised importance of dehydration and water requirements in responses to 
human thermal environments. Control of body water, indicators of dehydration and 
practical recommendations for drinking are provided. Chapter 5 is concerned with 
measuring methods and now includes personal monitoring systems and specification 
of physiological instruments. Chapters 6 and 7 are concerned with metabolic heat 
and clothing. New techniques, including the doubly labelled water method and CO2 
build-up in rooms, are presented as well as developments in clothing ventilation 
and active clothing. Chapters 8, 9, 10 and 11 cover thermal comfort, heat stress and 
cold stress, all of which have had significant developments. The adaptive approaches 
to thermal comfort are described as well as response to specific populations and 
environments. New developments in heat stress assessment are presented, in particu-
lar the new predicted heat strain method that is being proposed as an International 
Standard. The description of the original research for the wind chill index is now 
described in detail as it comes under scrutiny and new proposals are developed. 
Chapter 12 is enhanced with the description of recent studies and approaches, in 
particular, the importance of the role of distraction in reducing productivity. Chapter 
13 is significantly enhanced beyond consideration of hot surfaces with the entirely 
new sections on contact with moderate and cold surfaces, reflecting much improved 
knowledge and data in those areas. Chapter 14 reflects a major development in the 
application of the subject with the publication, revision and development of interna-
tional standards, now essential reading for the practitioner. Chapter 15 has also been 
updated with significant developments. As predicted in the first edition, thermal 
models have taken their place as an integrated part of the subject’s activity and their 
role in computer aided environmental design is becoming established.

K.C. Parsons
Loughborough, 2002
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Preface to the First Edition
Responses to thermal environments play a major role in human existence. All humans 
have exhibited physiological and behavioural responses to heat and cold, from cave 
men, through ancient civilisations to the present day. Over the last few centuries 
such responses have undergone systematic scientific investigation. In parallel with 
major scientific discoveries, principles have been established and during the twenti-
eth century these have been formalised into methods used in environmental design 
and evaluation. Technology has played a supporting role and in recent years the 
so-called information technology revolution has provided new opportunities for the 
development and application of well established principles and understanding. For 
example, in areas of environmental measurement, thermal models and in computer 
aided environmental design. Much is known and the foundations have been laid; 
however much is still to discover in this subject. What is certainly true is that there 
is greater than ever interest and activity in the area.

The book presents knowledge concerning human responses to hot, moderate, and 
cold thermal environments for people exposed to air at normal atmospheric pressure. 
A comprehensive and integrated approach to the subject is taken, defining human 
thermal environments in terms of six basic parameters: air temperature; radiant tem-
perature; humidity and air velocity of the environment; the clothing worn and the 
activity of the person. Much of the book is concerned with how these parameters 
interact to produce physiological and psychological responses and how they, in turn, 
will affect human health, comfort, and performance.

The underlying principles, derived from the component disciplines of phys-
ics, physiology, and psychology, are described as are methods used in the practi-
cal assessment of thermal environments. An historical perspective is often taken to 
enhance description and understanding of current methods and techniques.

In Chapters 1 to 6 fundamental principles are presented. Chapter 1 defines the 
six basic parameters and demonstrates how they interact to influence heat exchange 
between the body and the environment. The analysis of heat transfer leads to the 
body heat balance equation, a fundamental concept in the rational method for assess-
ing human thermal environments. Chapters 2 and 3 cover physiological and psycho-
logical responses. Human thermoregulation and body temperature are described, 
as are psychological and psycho-physical responses and perspectives. Chapter 4 is 
concerned with measurement of the basic environmental parameters, physiological 
responses and psychological responses. The thermal index is introduced as a fun-
damental assessment technique. Chapters 5 and 6 are concerned with the princi-
ples and estimation of the basic parameters, metabolic heat production, and clothing 
insulation.

Chapters 7, 8 and 9 consider thermal comfort, heat stress, and cold stress. There 
has been much activity in this area and recent developments, particularly new rational 
thermal indices, are described. Interference with activity, performance, and produc-
tivity is considered in Chapter 10. A systematic approach is taken and fundamental 
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research reviewed. A performance model is discussed, as well as ways forward, in 
this area of great economic concern.

Chapters 11, 12 and 13 present topics not previously presented in detail that will 
be of great interest and influence in the future. Skin reaction on contact with solid 
surfaces is difficult to study where burns occur, for ethical reasons. Knowledge of 
temperatures that produce burns is needed however to aid in the design of products. 
Scientific findings and practical suggestions are presented as a contribution to this 
highly controversial area. The development of international standards has been a 
feature of the last ten years and, with segmented world markets, will continue to be 
of interest. Chapter 12 describes current developments.

Digital computers and developments in knowledge and techniques have led to the 
availability of thermal models. Fundamental principles and important and influen-
tial models are described. The possibility of computer aided design in this area is 
demonstrated.

There is no doubt that the practice of this subject is best performed using comput-
ers. For example, in recent years my students of climatic ergonomics, physiology, 
and psychology routinely use software in all aspects of their project and survey work. 
Sufficient detail is provided in the book to allow the production of software. Source 
listings of some important computer programs are provided in the appendices. In 
the first plan of the book a suite of programs was to be included. However, after 
consideration, I decided to refer to texts where software could be obtained in disk 
form. This will allow the reader access to easy updates and save errors and laborious 
typing of source code. All of the equations and models referred to in this book are 
available on disk for microcomputers from references provided in the text.

K.C. Parsons
Loughborough, 1992v
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List of Notations
The choice of notation is based on that used by the American Society of Heating, 
Refrigerating and Air-Conditioning Engineers in Chapter 8 of Handbook—
Fundamentals (1989). Standard definitions of terms, symbols and units can also be 
found in ISO 13731 (2001).

a, b Constants used in the calculation of air velocity from 
kata cooling time

ND

A Activity factor for calculation of pumping effects on 
clothing insulation

ND

Acl Surface area of clothed body m2

Aconv Percentage of body surface area covered by a garment %
AD Du Bois body surface area m2

Ap Projected area of the body m2

Ar Effective radiating area of the body m2

bi Thermal penetration coefficient for material i J s−1/2 m−2 K−1

B Behaviour ND
B Exponent used in psychophysical power law ND
BM Basal metabolic rate W m−2

c Specific heat capacity kJ kg−1 °C−1

C Convective heat loss per unit area W m−2

CA Weight of subject clothed after exposure kg
CB Weight of subject clothed before exposure kg
Cp,bl Specific heat capacity of blood kJ kg−1 °C−1

Cres Dry respiration heat loss per unit body surface area W m−2

CSIGsk
Effector-controlling signal for vasoconstriction ND

d Diameter of spherical centre m

dtsk Clothing insulation index derived from mean skin tem-
perature of subjects when clothed and unclothed

°C

D Distance of load carriage m
Dc Magnitude estimate of cold discomfort ND
DRY Dry heat loss from the skin W m−2

Dw Magnitude estimate of warm discomfort ND
E Environment ND
E Evaporative loss per unit body surface area W m−2

Edif Evaporative loss by diffusion through skin per unit area W m−2

EE Energy equivalent of burning food in oxygen Wh (LO2)−1

Emax Maximum evaporative potential per unit area W m−2

Ep Predicted evaporation rate W m−2
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Ereq Required evaporative loss per unit area for heat balance W m−2

Eres Evaporative loss from respiration W m−2

Ersw Evaporation of sweat secreted due to thermoregulatory 
control

W m−2

ESAT Burton and Edholm equivalent still air temperature °C
Esk Total evaporative heat loss from the skin W m−2

EST Burton and Edholm equivalent shade temperature °C
Esw Total evaporation rate due to sweating W m−2

ET Effective temperature °C
f Standard temperature and pressure, dry (STPD) 

reduction factor
ND

f Partial pressure of water vapour in air mmHg
fd Clothing area factor ND
fp Projected area factor ND
F Kata factor m cal cm−2

FCO2 Fraction of carbon dioxide in expired air ND
Feff Effective radiation area factor ND
FO2 Fraction of oxygen in expired air ND
Fpcl Permeation efficiency factor ND
Fp−n Angle factor between a person, p and a surface, n ND
g Radiant response ratio ND
G Mass velocity kg m−2 s−1

h Combined heat transfer coefficient W m−2 K−1

hc Convective heat transfer coefficient W m−2 K−1

hd Thermal conductance of a clothing ensemble W m−2 K−1

he Evaporative heat transfer coefficient W m−2 kPa−1

hfg Heat of vaporisation of water kJ kg−1

hr Radiative heat transfer coefficient W m−2 K−1

H Height m
H Metabolic heat production per unit body surface 

area
W m−2

HR Heart rate beats per min
HRe Residual component of heart rate beats per min
Hres Total respiratory heat loss W m−2

HRm Component of heart rate due to work beats per min
HRN Component of heart rate due to emotional response beats per min
HR0 Heart rate while at rest beats per min
HRs Component of heart rate due to static exertion beats per min
Hsk Total heat loss at the skin W m−2

HRT Component of heart rate due to thermal strain beats per min
HRr Heart rate after recovery beats per min
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icl Clothing vapour permeation efficiency ND
im Moisture permeability index (clothing) ND
Ia Thermal insulation of the boundary layer on a nude 

person
clo, 
m2 °C W−1

Icl Intrinsic clothing insulation clo, 
m2 °C W−1

Icle Effective clothing insulation clo, 
m2 °C W−1

Iclo Effective clothing insulation in clo units clo
Iclu Effective clothing insulation of a garment clo, 

m2 °C W−1

Iclu,i Effective clothing insulation of garment i clo, 
m2 °C W−1

Iecl Resistance of clothing to the transfer of water vapour m2 kPa W−1

Iea Resistance of air layer to the transfer of water vapour m2 kPa W−1

IEQUIV Equivalent clothing insulation clo, 
m2 °C W−1

IREQ Clothing insulation required clo, 
m2 °C W−1

IREQmin Clothing insulation required for thermal equilibrium clo, 
m2 °C W−1

IREQneutral Clothing insulation required for thermal comfort clo, 
m2 °C W−1

Ires Resultant clothing insulation clo, 
m2 °C W−1

It Total clothing insulation clo, 
m2 °C W−1

k Constant of psychophysical power law ND
ks Thermal conductivity for sensible heat W m−2 °C
K Heat transfer by conduction W m−2

Ke Thermal conductivity of water vapour W m−2 kPa−1

L Thermal load per unit body area W m−2

LR Lewis relationship K kPa−1

M Metabolic free energy production per unit body area W m−2

Mact Component metabolic energy due to subject’s activity W m−2

Mbl Blood flow kg s−1 m−2

Met Metabolic rate symbol used by Nishi and Gagge (1977) W m−2

Mi Metabolic rate representative of activity i W m−2

Mm Component of metabolic rate due to whole-body 
movement

W m−2

Mnet Metabolic heat load in Givoni/Goldman model W
Mp Component of metabolic rate due to posture W m−2

Mrsw Rate at which sweat is secreted kg s−1 m−2
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Mshiv Component of metabolic heat due to shivering W m−2

Mw Component of metabolic rate due to type of work W m−2

NA Weight of nude subject after exposure kg
NB Weight of nude subject before exposure kg
Oe Fractional oxygen content of expired air ND
Oi Fractional oxygen content of inspired air ND
P Person ND
P Measured atmospheric pressure kPa
P1 Pulse rate from 30 s to 1 min during recovery beats per min
P2 Pulse rate from 1.5 to 2 min during recovery beats per min
P3 Pulse rate from 2.5 to 3 min during recovery beats per min
Pa Partial pressure of water vapour in air kPa
Psk,s Saturated water vapour pressure at skin temperature kPa
Pswb Saturated water vapour pressure at aspirated wet bulb 

temperature
kPa

Qcrsk Combined thermal exchange between body core and skin W m−2

Qlim Heat storage limit W h m−2

Qres Total rate of heat loss through respiration W m−2

Qsk Total rate of heat loss from the skin W m−2

r Efficiency of sweating ND
R Radiative heat loss per unit area W m−2

Rc Thermal resistance of clothing, symbol used by 
Umbach (1988)

m2 °C W−1

Rcl Intrinsic thermal insulation of clothing m2 K W−1

Rct Total thermal resistance of clothing, used by Umbach 
(1988)

m2 °C W−1

Re Water vapour resistance of clothing, used by Umbach 
(1988)

m2 kPa W−1

Re,cl Intrinsic evaporative resistance of clothing m2 kPa W−1

Ret Total water vapour resistance of clothing, used by 
Umbach (1988)

m2 kPa W−1

Re,t Total evaporative resistance m2 kPa W−1

RM Increase in heart rate per unit of metabolic rate beats per min 
m2 W−1

RQ Respiratory quotient ND
Rs Solar load in index of thermal stress W m−2

RT Recovery time min
S Rate of heat storage per unit area W m−2

S Warmth sensation rating ND
SW Sweating required, used by Givoni (1963) W m−2

SWmax Maximum sweat rate that can be achieved by persons W m−2

SWp Predicted sweat rate W m−2

SWreq Sweating required: required sweat rate index W m−2
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t Recorded temperature of expired air °C
ta Air temperature °C
tb Mean body temperature °C
tb,n Mean body temperature for a person in thermal 

neutrality
°C

tc Contact temperature °C
tcc Contact temperature if the solid surface were made 

entirely of the coating on the skin and corrected for 
type of contact

°C

tch Chilling temperature index °C
tcl Surface temperature of clothed body °C, K
tcon Contact temperature °C
tcr Core temperature °C
tdb Dry bulb temperature °C
tdp Dew point °C
tg Globe temperature °C, K
th Temperature of hot body °C
ti Temperature of surface i °C
ti Time on activity i min
tk Mean temperature of kata thermometer range °C
tnwb Natural wet bulb temperature °C
to Operative temperature °C
tpr Plane radiant temperature °C
tr Mean radiant temperature °C
tre Rectal temperature °C
tref Predicted equilibrium rectal temperature in Givoni/

Goldman model
°C

tres Dry resultant temperature index °C
ts Surface temperature °C, K
tsh Body shell temperature °C
tsk Mean skin temperature °C
tsk,n Mean skin temperature for a person in thermal 

neutrality
°C

tty Tympanic membrane temperature °C
tw Mean temperature of surrounding walls °C
twb Aspirated wet bulb temperature °C
T Total time over all activities min
Tceq Equivalent contact temperature index °C
Tcore Mean core temperature of thermal model °C
Teq Equivalent temperature °C
Teq Equivalent temperature index °C
Tmuscle Mean muscle temperature of thermal model °C
Tpr,i Plane radiant temperature in direction i °C
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Tskin Mean skin temperature of thermal model °C
Tu Local air turbulence ND
v Air velocity (speed) m s−1

V Ventilation rate L s−1

Vex Volume of expired air L
VO2 Oxygen uptake mL kg min−1

w Skin wettedness ND
wmax Maximum skin wettedness that can be achieved by 

persons
ND

wp Predicted skin wettedness ND
wreq Required skin wettedness ND
W External mechanical work per unit area W m−2

W Weight of load carried kg
Wc Comfort rating, used by Umbach (1988) ND
Wct Comfort rating, used by Umbach (1988) ND
Wex Mechanical work symbol from Givoni and Goldman 

(1973)
W

WK Symbol for mechanical work, used by Gagge (1988) W m−2

WSIGb
Mean body temperature component of sweating con-
troller signal

ND

WSIGer
Effector-controlling signal for vasodilation ND

x Average cloudiness in tenths ND
Y Mechanical efficiency of the body doing work ND
Y Subjective warmth vote ND

Greek
α Absorptivity ND
α Azimuth angle degree
α Relative mass of skin to core ND
β Elevation degree
ε Emissivity ND
η Mechanical efficiency of work ND
λ Latent heat of evaporation J kg−1

λ Wavelength μm
μ Viscosity of the air kg m s−1

Φ Magnitude of stimulus ND
Φ0 Magnitude of stimulus at absolute perception threshold ND
σ Stefan–Boltzmann constant = 5.67 × 10−8 W m−2 K−4

ϕ Relative humidity ND
Ψ Magnitude of sensation ND
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1 Human Thermal 
Environments

INTRODUCTION

The human body is subject to the laws of thermodynamics. The first law states that 
energy is neither created nor destroyed but can be transformed from one form to 
another. The second is that there is a natural direction of transfer. For heat, that is 
from a hot body to a cold one. In the case of the laws of physics, there is nothing 
special about people.

A living person generates heat from energy in food. To maintain an internal tem-
perature of around 37°C, which is the human disposition, environmental conditions 
will determine whether that is too much heat, too little heat or just right. If the 
resting body does not lose heat to the environment, where it is totally insulated for 
example, the body temperature will rise at about 1°C per hour and the person will 
die in a few hours. In a heatwave or when wearing protective clothing, there will 
be reduced capacity to lose heat and it is important to ensure that sufficient heat is 
lost to the environment or transferred out of the body in some other way. In cold 
conditions, heat may have to be preserved in the body by the use of clothing or other 
mechanisms.

A living person is much more than a body mass undergoing heat generation and 
heat transfer. People exist in a social context; they have aspirations, emotions, opin-
ions and behaviours. They experience pleasure and pain, satisfaction, comfort and 
discomfort, and environments can affect their health and performance. They are 
also active, and have worries, expectations, memories and models of the world. They 
test scenarios and predict the future, have religions, beliefs and cultures, as well as 
social networks, and they engage in discourse in their interaction with others and a 
global society. A comprehensive study of human thermal environments, especially 
when considering social and psychological phenomena such as thermal comfort and 
satisfaction, must consider people as a whole.

The sun, at a temperature of around 5500°C, provides heat to the earth at the top 
of the atmosphere at a rate of 1370 W m–2 (the solar constant: the exact value depend-
ing on the orbit of the earth around the sun). Human existence, along with that of 
other organisms, depends on that energy. On the earth, the energy is transferred 
from place to place and from one form to another, hence creating a wide range of 
environments. This is aided by the spin of the earth and its tilt with respect to the 
sun, which causes spatial and temporal variations in energy due to day and night 
and the seasons. The atmosphere is a gas which is attracted to but not attached to 
the earth. It is that which maintains human life. The dynamic nature of the atmos-
phere (temperature variation, humidity, clouds, wind, rain, snow, etc.) is sensitive to 
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energy content. If energy is increased, as in the hypothesis of global warming, then 
there will be a consequent climate change as more intensive activity than before will 
cause extremes of climate and atypical weather. That is, cold where people are used 
to heat; hot where people are used to cold; high winds, extreme storms and floods or 
droughts where they have not occurred before, and more severe where they have; or 
even less extreme conditions in some areas than those expected.

The challenge for every person is to successfully interact with his or her local 
environment. The human body responds to environmental variables in a dynamic 
interaction that can lead to death if the response is inappropriate or if energy levels 
are beyond survivable limits, and it determines the strain on the body as it uses its 
resources to maintain an optimum state. In the case of the thermal environment, this 
will determine whether a person is too hot, too cold or in thermal comfort.

Air temperature, radiant temperature, humidity and air movement are the four 
basic environmental variables that affect human response to thermal environments. 
Combined with the metabolic heat generated by human activity and the clothing worn 
by a person, they provide the six fundamental factors (sometimes called the six basic 
parameters) that define human thermal environments. The general, but fundamental, 
point is that it is the interaction of the six factors to which humans respond. This 
was shown by Fanger (1970) in his classic book Thermal Comfort. It also applies for 
humans in hot or cold environments. Collins (1983) provides an example of an adult 
who skied down a slope with a child on his back. At the bottom of the slope the adult 
was hot and sweating. The child, however, suffered hypothermia. Metabolic heat pro-
duction in the skiing adult had been more than enough to compensate for heat loss 
driven primarily by high relative air velocity across the body and low air tempera-
tures. The child, however, had been inactive. The adult and the child had experienced 
very different human thermal environments and hence had very different responses.

The ability to lose heat by the evaporation of sweat is crucial to a person under 
heat stress. Environmental humidity is therefore of great importance, as is the nature 
of protective clothing. Death and heat illness in military personnel have been attrib-
uted to high metabolic heat production, radiant and air temperatures, and relatively 
impermeable protective clothing. Often, however, it is because there is a lack of 
understanding of the effects of the interaction of the six basic variables, and hence a 
lack of effective management systems to deal with them.

Often, environments are assessed or environmental limits are defined only in terms 
of air temperature. This is insufficient, as the other five factors are relevant. For exam-
ple, thermal comfort in offices or vehicles may be greatly affected by solar radiation, 
and specifying comfort limits in terms of air temperature alone will be inadequate. 
That is not to say that reasonable assumptions cannot be made. In terms of thermal 
comfort, it is sometimes reasonable to specify comfort limits in terms of air tempera-
ture on the assumptions that radiant temperature equals air temperature, there is still 
air at 50% relative humidity, and that people in the environment wear ‘normal’ clothing 
and conduct light activity. However, it is better that assumptions are explicitly stated 
rather than imply that air temperature alone determines thermal comfort.

In specific situations, other factors will be influential; for example, a person’s 
posture will greatly affect the heat exchange between the body and the environment. 
Behavioural factors can be important. Motivation, and the degree of acclimatisation 
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to heat, can play a major role in determining heat stress casualties in military exer-
cises or in sports events. The six fundamental factors therefore provide a minimum 
requirement for a useful conceptual basis for the consideration of human thermal 
environments. How these contribute to heat transfer and human response is described 
in the following sections.

HEAT TRANSFER

Heat transfers from hot bodies to cold bodies and is driven by temperature difference. 
This is called sensible heat transfer and it can take place by conduction, convection 
and radiation. Heat can also be lost or gained without a temperature difference, by a 
change of state from liquid to gas (evaporation) and gas to liquid (condensation). This 
is called latent heat. Heat transfers between the human body and the environment by 
all of these mechanisms, and latent heat loss is particularly important when environ-
mental temperatures are close to or greater than body temperatures.

Conduction

Heat transfer through solids or stationary fluids is by conduction. It is driven by 
temperature difference, and the rate of flow depends on the thermal resistance of 
the material. As air has a relatively high thermal resistance, heat transfer by conduc-
tion from the body to the environment is relatively small when compared with other 
mechanisms and so it is often ignored. Conduction is relevant to human heat transfer, 
however, as it is one of the mechanisms for transferring heat from inside the body to 
the skin surface, as well as the heat transfer through clothing.

A general equation for heat flow by conduction (Q) is

	
Q KA T T

d
= − ( )2 1

	
(1.1)

where:
	Q = rate of energy flow (W)
	 K = thermal conductivity (W m−1 K)
	 A = surface area of contact (m2)
	T1 = temperature of the surface at lower temperature (°C)
	T2 = temperature of the surface at higher temperature (°C)
	 d = distance through which heat is transferred (m)

Equation 1.1 applies when the ‘system’ is settled and temperatures do not vary 
with time. This is called steady state. For non-steady-state conditions, where tem-
peratures vary with time (t), the rate of heat storage (dQ/dt) and the temperature at 
any distance and time are given by Kerslake (1972) as
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and
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This demonstrates that the temperature (T) and the rate of change of the tempera-
ture will depend on the heat storage and the heat capacity per unit volume: density 
(p) × heat capacity per unit mass (c). In effect, the rate of change of the temperature 
with time (dT/dt) is proportional to the rate of change of the temperature gradient 
(dT/dx) with distance (x), moderated by the thermal properties of the material. For 
the case where conditions are moving towards steady state, energy is required for 
heat storage to reach that condition and this is reflected in Equations 1.2 and 1.3.

Convection

Convection is heat transfer by movement of a fluid. It involves conduction of heat 
from a solid surface to a moving fluid, absorption of the heat by the fluid, which 
raises its temperature, and the movement of the fluid at a higher temperature to areas 
of lower temperature by mixing and bulk movement. Associated with heat transfer 
by convection is the so-called boundary layer. This is where fluid of a higher temper-
ature (heated by the body) than the environmental air temperature will be adjacent 
to the surface of the solid, and in effect provides additional insulation. The thickness 
and dynamics of this ‘air’ layer will be determined by temperature differences and 
the environmental conditions, particularly air velocity. Because heat transfer by con-
vection involves fluid flow it can be studied to a great level of complexity using fluid 
dynamics. The simple equation for heat transfer by convection is

	 C h T T= −( )c 2 1 	 (1.4)

where (T2 – T1) is the temperature difference between the surface and the fluid and hc 
is the convective heat transfer coefficient.

For a given structure, such as the human body, hc can be determined experimen-
tally by studying the relationship between C, T1 and T2 over a range of environmental 
conditions. It can also be estimated by calorimetry where an outcome of total heat 
transfer can be measured, and heat transfer by radiation and so on can be controlled 
or subtracted, leaving the convection component.

Dimensionless Numbers

It is often useful to be able to predict heat transfer by convection for objects of different 
sizes (e.g. from an adult to a child of similar shape) and in different fluids (e.g. from air 
to water). Heat transfer by convection will vary with the nature of the physical body 
tested (shape, orientation, size, etc.) as well as the fluid type, and effects can be pre-
dicted from their dimensions and properties. For this reason, dimensionless numbers 
of physical quantities have been created to allow the prediction of heat flow and heat 
transfer characteristics (and hence hc) for groups of similar cases, particularly for bod-
ies with similar shapes. They are useful in the prediction of heat flow and heat transfer 
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for similar cases but where the size or fluid type is changed. For example, if we know 
the heat flow around a heated cylinder in air, we can use the numbers to predict the heat 
flow for a smaller heated cylinder in water, or a larger heated cylinder in space, and so 
on. The dimensionless numbers are logical ratios of the characteristics of fluids which 
are made up of fundamental properties. These are presented in Tables 1.1 through 1.3.

A simple example of the principle of using the numbers is where size is different 
but shape is the same. One dimension, such as the diameter of a sphere, will deter-
mine all of the other characteristics of the sphere. For a person, arm length, standing 
height or leg length may be useful dimensions and any one of these is capable of 
predicting with acceptable accuracy the dimensions of all other body parts. So, for 
example, if we know the ratios of leg length between two people, we can estimate 
the ratio of all dimensions across the two people if they are of similar shape. The 
dimensionless numbers, however, require the use of more than a single dimension of 
shape alone. The flow of fluid around a solid body will depend on the shape of the 
body, the velocity of fluid flow and the physical properties of the fluid.

By analogy with shape as described above, where all of the dimensions can be 
determined from any one single dimension, so the velocity of fluid flow, for example, 
can be defined by the velocity at any appropriately defined point (e.g. environmental 
air velocity) when the flow pattern is the same. The pattern of fluid flow is deter-
mined by inertial and viscous forces. If the pattern of fluid flow around an object is 
to be similar, the ratios of those forces at corresponding points must be the same. 
The single number that is used to represent the pattern of fluid flow is the Reynolds 
number (Re), which is proportional to the ratio of the inertial forces to the viscous 
forces. It can be expressed as VL/v, where v is the kinematic viscosity of the fluid 
(μ/p), V its velocity and L the characteristic dimension describing the size of the 
object; p is the density of the fluid and μ its dynamic viscosity. The dimensions of 

TABLE 1.1
Properties of Air at Sea Level

Temperature 
T (°C)

Dynamic 
Viscosity μ 

(N s m−2) (× 10−5)
Density p 
(kg m−3)

Kinematic 
Viscosity v 

(m2 s−1) (× 10−5)

Thermal 
Conductivity K 

(W m−1 K−1) (× 10−2)

0 1.71 1.29 1.32 2.41

10 1.76 1.25 1.41 2.49

20 1.81 1.21 1.50 2.56

30 1.86 1.16 1.59 2.64

40 1.90 1.13 1.69 2.71

50 1.95 1.09 1.78 2.79

60 2.00 1.06 1.88 2.87

70 2.04 1.03 1.98 2.94

80 2.09 1.00 2.09 3.02

Source:	 Kerslake, D.M., The Stress of Hot Environment, Cambridge University Press, Cambridge, 
1972.

Note:	 Heat capacity = 1000 J kg−1 K−1.
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these quantities are such that the Reynolds number is dimensionless. Its magnitude 
is arbitrary, since L can be any characteristic length defining shape. The important 
point is that if the Reynolds number is the same for two people or objects of similar 
shape but of different size, the pattern of fluid flow around them is similar, and this 
holds for fluids in general.

For forced convection, where external air velocity is dominant (e.g. wind), the 
Reynolds number can be used to describe the flow pattern. For heat exchange, the Nusselt 
number is used, which is proportional to the ratio of the actual coefficient of heat trans-
fer by convection (hc) to that by conduction (K) in the same fluid at rest (Nu = hcL/K). For 
the thermal properties of fluids, the Prandtl number (Pr) is used, which is the ratio of the 
kinematic viscosity (μ/p) to the thermal diffusivity (K/pc): Pr = μc/K.

When a warm body is in still air, it heats the air around it, which reduces the 
density of the air. The air rises and the body loses heat by natural (free) convection. 
This will depend on the temperature difference between the surface and the air, the 
coefficient of expansion of the air and the gravitational field, as well as the properties 
involved in forced convection. The Grashof number is given by

	
Gr

agL T T
v

=
−( )3

2
s a

	
(1.5)

where the terms are described in Table 1.3.
Santee and Gonzalez (1988) consider the use of dimensionless numbers to deter-

mine hc for the human body. The Nusselt number is related to hc by

	
h NuK

Lc
f W m  K= − −2 1

	
(1.6)

where Kf is the thermal conductivity of the fluid. For air (Ka):

	 K Ta a W m  K= × + ×− − − −2 41 10 7 8 102 5 1 1. . 	 (1.7)

TABLE 1.2
Properties of Water

Temperature 
T (°C)

Dynamic 
Viscosity μ 

(N s m−2) (× 10−5)

Density 
p 

(kg m−3)

Kinematic 
Viscosity v 

(m2 s−1) (× 10−8)

Thermal 
Conductivity 
K (W m−1 K−1) 

(× 10−2)

Specific 
Heat 

Capacity c 
(kJ kg−1 K−1)

0.01 179 1000 179 56.0 4.210

10 131 1000 131 58.1 4.193

20 100   998 100 60.0 4.183

30   80   995   80 61.7 4.179

40   65   992   66 63.2 4.179

Note:	 Density of ice at 0°C = 916.8 kg m−3.
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For air, the Prandtl number is a constant (0.72) and the Grashof number can be 
calculated from Equation 1.5.

The kinematic viscosity of air (v) is given by

	 v T= × + ×− −1 33 10 9 0 105 8. . a 	

For natural (free) convection,

	 Nu c Gra= ( )′ ND 	 (1.8)

TABLE 1.3
Physical Properties and Definitions

Property Symbol Units Definition

Dynamic viscosity μ N s m−2 Also known as absolute viscosity, it is the resistance 
of adjacent fluid layers to shear

Kinematic viscosity v m2 s−1 Dynamic viscosity divided by density

Thermal conductivity K W m−1 K−1 Property of a material to conduct heat

Specific heat 
capacity

c kJ kg−1 K−1 Heat required to raise 1 kg of material by 1 K. In 
the Prandtl number it is heat capacity per unit 
mass at constant pressure

Fluid velocity V m s−1 Velocity of the fluid in which a body is immersed

Characteristic 
dimension

L m Dimension of an object which is chosen to 
represent its shape when using dimensionless 
numbers

Coefficient of 
expansion of air

a K−1 Represents expansion of air as it increases in 
temperature, for example, during convection 
(a = 1/T where T is the absolute temperature)

Acceleration due to 
gravity

g m s−2 Acceleration due to the force of gravity 
(g = 9.81 ms−2 at sea level)

Reynolds number Re ND A dimensionless number that specifies flow pattern. 
It is proportional to the ratio of inertial forces to 
viscous forces (Re = VL/v)

Nusselt number Nu ND A dimensionless number that specifies heat 
exchange. It is proportional to the ratio of the heat 
transfer by convection to that by conduction in the 
same fluid at rest (Nu = hcL/K)

Prandtl number Pr ND A dimensionless number that connects momentum 
transfer with heat transfer. It is the ratio of the 
kinematic viscosity to the thermal diffusivity. It 
contains only the physical properties of the fluid 
so it is not affected by flow pattern (Pr = μc/K)

Grashof number Gr ND A dimensionless number that combines factors 
related to heat transfer by natural convection. 
(Gr = agL3(Ts − Tf)/v2), where Ts is the surface 
temperature and Tf is the temperature of the fluid
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where the empirical constants are determined by experiment for the shape of inter-
est. An estimate for cylinders is cˊ = 0.5 and a = 0.33. Also, for natural convection an 
approximation including the Prandtl number is

	 Nu Gr Pr= ( )0 47 0 25. .

	 (1.9)

For forced convection,

	 Nu B n= ( )Re ND 	 (1.10)

where B and n involve shape factors and, for a cylinder, can be estimated as B = 0.24 
and n = 0.60.

The Reynolds number can be calculated from

	
Re = ( )VL

v
ND

	
(1.11)

where V is the wind speed, the characteristic dimension (L) is determined by the 
actual dimensions (for a cylindrical representation of a standing person, the diameter 
is usually taken) and v is the kinematic velocity of the fluid.

Santee and Gonzalez (1988) note that the original relationships presented above 
were derived from experiments in wind tunnels with laminar flow. For outdoors 
or when people are active, different relationships apply. Some variation may be 
accounted for if relative air velocity between the body and the air is used instead 
of environmental air velocity (walking speed when walking in still air, for exam-
ple); however, differences can be significant and this questions the usefulness of the 
dimensionless number approach when assessing human thermal environments.

Kerslake (1972) notes that the method of using dimensionless numbers is powerful 
when predicting for conditions which are similar but the size of the body and the fluid 
are different. For applications in human thermal environments, people of different sizes 
often vary in shape. Most applications are for air at atmospheric pressure and, even for 
specific cases, experiments are difficult to conduct. Gonzales (1988) cites Gagge and 
Nishi (1983) who summarise that for natural (free) convection, hc varies with tempera-
ture gradient, gravity (which is in the Grashof number) and density. For forced convec-
tion, hc varies inversely with the characteristic dimension of the heated object (larger 
objects have lower hc values). Barometric pressure affects density and hence hc.

Values of hc have been determined experimentally using calorimetry, and it is 
those values that are generally used in the rational assessment of human thermal 
environments (see Chapter 2). An example of the use of dimensionless numbers can 
be seen if we consider heat transfer for a person in air and in water.

Convective Heat Transfer in Air and Water

Heat transfer from the body to its surrounding environment is from core to skin and 
clothing surface and then between the surface and the environment. A major avenue 
for heat transfer is by convection, and this is the main mechanism for heat transfer 
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in water. Using dimensionless numbers it is possible to calculate the heat transfer coef-
ficient in water from the basic properties of water and to compare this with the heat 
transfer coefficient in air. That is, for bodies of a similar shape but a different size.

When considering shapes of different sizes a characteristic dimension is needed 
and it is convenient to use the height of a person (h = L), although body volume, 
surface area or surface area to mass ratio may be even more useful when comparing 
heat transfer. Whichever is chosen, the dimension used should be consistent so that 
the numbers can be compared. For the present discussion, standing height will be 
taken as the characteristic dimension.

Consider a standing person, 1.8 m tall, in air at 20°C. The convective heat transfer 
coefficient is given by

	
h NuK

Lc
f=

	 (1.12)

where
	Nu = Nusselt number
	Kf = thermal conductivity of the fluid
	 L = the characteristic dimension (standing height = 1.8 m).

For air, Ka at 20°C is 2.56 × 10−2 W m−1 K−1. For water, Kw at 20°C is 
60 × 10−2 W m−1 K−1.

For natural (free) convection in air, from Equation 1.9,

	 Nu GrPr= ( )0 47 0 25. .

	

	

Gr
agL T T

v
=

−( )

=
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×( )
=
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=

0 47 1 13 10 0 72

140

10 0 25
. . .

.
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For forced convection in air, Nu is estimated as

	 Nu = 0 24 0 6. Re .
	

where the Reynolds number (Re) is given by VL/v.
For air at 20°C and velocity of 1.0 m s−1:

	

Re
. .
.

.

=
×( )
×

= ×

−

1 0 1 8
1 5 10

1 2 10

5

5
	

	

Nu = × ( )
=

0 24

267 7

0 6. Re

.

.

	

	

h Nu K
Lc

a

 W m  K

= ×

= × ×

=

−

− −

267 7 2 56 10
1 8

3 81

2

2 1

. .
.

. 	

hc can be regarded as the larger value of those calculated for free or forced con-
vection. So, as 3.81 (forced convection) is greater than 2.0 (free convection), 
hc = 3.81 W m2 K−1, and for Ts = 33°C and Ta = 20°C,

	

C h T T= −( )
= −

c s a

 W m50 2
	

For natural (free) convection in water:

	 Nu A GrPr n= ( ) 	

From Boutelier et al. (1977), n = 0.275, A = 0.09, so

	 Nu GrPr= ( )0 09 0 275. .

	

	
Gr

agL T T
v

=
−( )3

2
s a
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For forced convection in water at 20°C and velocity of 1.0 m s−1: assume that 
Nu = 0.24 Re0.6, where the Reynolds number (Re) is given by VL/v.

For water at 20°C and velocity of 1.0 m s−1,
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. .
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hc can be regarded as the larger value of those calculated for free (natural) or forced 
convection, so, as 453 (forced) is greater than 132 (free), hc = 453 W m−2 K−1.

	

C h T T= −( )
= −

c s a

 W m5891 2
	

If we use the same equations as above but also change the size of the person or 
object then we can calculate hc for children 1 m tall as opposed to adults 1.8 m tall, 
and so on. Table 1.4 provides estimates of values of the dimensionless numbers and 
a comparison of different hc and consequent convective heat transfer values (C) for 
water and for air and for adults and children.

The dimensionless numbers for calculating heat transfer coefficients in water have 
been determined by a number of authors (Rapp, 1971; Breckenridge and Goldman, 
1977). The values of hc have also been determined by experiment.

Boutelier et al. (1977) investigated hc values for 17 nude subjects at four water 
velocities (0, 0.05, 0.1 and 0.25 m s–1) and a range of water temperatures from 33.7°C 
to 18°C. They found hc values from 43 to 54 W m–2 °C–1 for still water and 272.9–
497.1 W m−2 °C–1 for moving water, depending on the shivering rate. For cold water, 
the greater the shivering the larger the hc value. These values were greater than the 
theoretical hc values calculated by Rapp (1971), who found values of 94 W m–2 °C–1 
for still water and 179–400 W m–2 °C–1 for water velocities from 0.1 to 0.5 m s–1. An 
important finding from experimental studies is the identification of factors which 
have significant influence. These include different shapes for people as well as the 
effects of thermoregulatory responses such as vasoconstriction and shivering.

Evaporation

Evaporation is a change of state from liquid on a surface to vapour. The latent heat 
required is ‘taken’ from the surface, which is cooled. The vapour diffuses away from 
the surface in a manner similar to that in which heat diffuses in convection. The rate 
of mass transfer per unit area in this way is

	 m h C C= −( )D sk a 	 (1.13)

where Csk and Ca are the water vapour concentrations in the skin and in the air, respec-
tively, and hD is the mass transfer coefficient. The Sherwood number (Sh = hDL/D) is 
analogous to the Nusselt number (Nu = hcL/K), where D is the mass diffusivity. As 
with convection, the Reynolds number describes the flow pattern, but the Schmidt 
number (Nsc = v/D) replaces the Prandtl number (v/α, where α is thermal diffusiv-
ity). For water vapour diffusing through air, D is almost equal to α. The Prandtl and 
Schmidt numbers are nearly equal, as are the Sherwood and Nusselt numbers. For 
that case, hD and hc are related by

	
h h

pc
h
hD

D

c

c so const= =
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This is the Lewis rule (Lewis, 1922); it applies to all wind speeds and is used to 
relate convective and evaporative heat transfer (see Kerslake, 1972; Monteith and 
Unsworth, 1990).

In an analysis of human thermal environments, it is usual to replace mass concen-
trations with vapour pressures and to express evaporative heat transfer as

TABLE 1.4
Estimates of Dimensionless Numbers (Characteristic Dimension Standing 
Height) and Convective Heat Transfer for Adults and Children in Still and 
Moving Air and Water

Height (m) 2.0 1.8 1.6 1.4 1.2 1.0 0.8 0.6 0.4 0.2

Natural (Free) Convection in Air at 20°C (Nu = 0.47(GrPr)0.25, Pr = 0.72)

Gr × 107 1547 1128 792 531 334 193 99 42 12 2

Nu 152 140 129 116 104 90 76 62 45 27

hc 
(W m−2 K−1)

2.0 2.0 2.1 2.1 2.2 2.3 2.4 2.6 2.9 3.5

C (W m−2) 25 26 27 28 29 30 32 34 38 45

Forced Convection in Air at 20°C (v = 1.0 m s−1, Nu = 0.24(Re)0.6)

Re × 103 133 120 107 93 80 67 53 40 27 13

Nu 285 268 250 230 210 188 165 139 109 72

hc 
(W m−2 K−1)

3.7 3.8 4.0 4.2 4.5 4.8 5.3 5.9 6.9 9.2

C (W m−2) 48 50 52 55 58 63 68 77 90 119

Natural (Free) Convection in Water at 20°C (Nu = 0.09(GrPr)0.275, Pr = 6.97)

Gr × 1010 348 254 178 119 75 44 22 9 3 0.3

Nu 432 396 359 322 283 244 203 160 114 65

hc 
(W m−2 K−1)

129 132 135 138 142 146 152 160 172 194

C (W m−2) 1683 1714 1750 1792 1841 1900 1976 2078 2230 2519

Forced Convection in Water at 20°C (v = 1.0 m s−1, Nu = 0.24(Re)0.6)

Re × 103 2000 1800 1600 1400 1200 1000 800 600 400 200

Nu 1448 1359 1267 1169 1066 955 836 703 551 363

hc 
(W m−2 K−1)

434 453 475 501 533 573 627 703 827 1091

C (W m−2) 5648 5891 6175 6514 6928 7452 8148 9142 10752 14187

Notes:	 1. Where both natural (free) and forced convection occur together with an hc value for each 
condition, the hc value often used in the calculation of heat transfer is the greater of the two 
values.

	 2. People vary in shape and size and are not static. Heat transfer is complex and the values pro-
vided above are approximations that demonstrate the principle of using dimensionless 
numbers.

	 3. A comfortable skin temperature at a constant value of 33°C is assumed. In practice, this will 
vary with human thermoregulation.
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	 E h P P= −( )e sk,s a 	 (1.14)

where Psk,s is the saturated vapour pressure at skin temperature and Pa is the partial 
vapour pressure in the air. The Lewis relation is then

	

h
h

LRe

c
=

	

where LR is the Lewis relationship and is a constant (LR = 16.5 K kPa−1).
So, if we know hc we can estimate he from

	 h he c W m  kPa= − −16 5 2 1. 	 (1.15)

and we can calculate heat transfer by evaporation from Equation 1.14.

Radiation

Radiation is part of the electromagnetic spectrum (Figure 1.1); when absorbed (by a 
surface), radiation with wavelengths from visible light to radio waves provides heat. 
All bodies above a temperature of absolute zero emit and absorb radiation. Radiation 
is usually composed of a spectrum of wavelengths rather than an individual wave-
length, and the peak wavelength in the spectrum depends on temperature. As the 
temperature rises, so the peak energy of the radiation spectrum for a body decreases 
in wavelength. When assessing human thermal environments, two categories of radi-
ation are considered. These are solar radiation, which is of short wavelength ranging 
from ultraviolet to the near infrared, and radiation from surrounding surfaces up to 
about 100°C in the far infrared. Radiation can transfer across a vacuum (e.g. through 
space from the sun), and heat transfer between two bodies is driven by the difference 
in the fourth powers of the absolute temperatures.

Heat transfer by radiation is given by

	
R h T T= −( ) −

r W m1
4

2
4 2

	 (1.16)

where hr is the radiative heat transfer coefficient and ( )T T1
4

2
4−  is the difference in the 

fourth power of the absolute temperatures of the interacting surfaces.
A fuller description of radiant temperatures and the calculation of radiation heat 

transfer for the human body are provided later in this chapter and in Chapter 2.

BASIC PARAMETERS

Temperature

At a molecular level, temperature can be considered as the average kinetic energy 
(heat) in a body. For a given state (solid, liquid or gas), if heat energy is lost from 
a body its temperature will fall, and if it flows into a body its temperature will 
rise. From the second law of thermodynamics there will be a net energy flow from 
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bodies at higher temperatures to bodies at lower temperatures. The temperature of 
the human body is an important indicator of its condition (comfort, heat or cold 
stress, ability to perform tasks). Humans are homeotherms and ‘attempt’ to main-
tain their internal body temperature near to about 37°C. A deviation of more than a 
few degrees from this value can have serious consequences. The temperature of the 
human body will therefore be greatly affected by the temperature of fluids or solids 
surrounding it, as these will influence the heat transfer to and from the body. The 
human body is commonly surrounded by clothing and then almost entirely by air. 
Contact may also be with solid surfaces, water (total or partial immersion), other 
fluids or even space. The thermodynamic principles of heat transfer will apply in all 
of these cases. Throughout this book, the ‘normal’ case of a person in air is assumed 
unless otherwise stated. A ‘driving force’ for heat transfer between the human body 
and the surrounding air will therefore be determined by air temperature.

Wavelength Wave type

105 m

104 m

103 m

102 m

10 m

1 m

1 mm

0.1 mm (100 µm)

0.01 mm (10 µm)

1 µm

0.1 µm

0.01 µm

0.001 µm

0.0001 µm

0.1 m (100 mm)

0.01 m (10 mm)

Gamma rays

x-rays

Visible light

Microwaves

Infrared
radiation

0.7 µm

Red
Orange
Yellow
Green
Blue
Violet

0.4 µm
Ultraviolet radiation

FM radio
and TV

AM radio broadcasts

Long radio
waves

FIGURE 1.1  The electromagnetic spectrum.
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Air Temperature (ta)

For practical convenience, air temperature can be defined as ‘the temperature of 
the air surrounding the human body which is representative of that aspect of the 
surroundings which determines heat flow between the human body and the air’. 
Naturally, the temperature of the air will vary; heat exchange between bodies is a 
continuous process. The temperature of the air at a great distance from the human 
body of interest will not necessarily be representative of that which determines 
heat flow. The temperature of the air very close to the (clothed) body will also not 
be representative as this will be influenced by so-called boundary conditions; for 
example, in a ‘cold’ environment there will be a layer of ‘warmer’ air surrounding 
the body.

Radiant Temperature

In addition to the influence of air temperature on the temperature of the human body 
there is also the influence of radiant temperature. Heat is exchanged by radiation 
between all bodies, and there is a net heat flow from a hot to a cooler body by an 
amount related to the difference between the fourth powers of the absolute tempera-
tures of the two bodies. There is a net flow of radiant energy between the sun and 
the earth (i.e. no intervening medium is required – it will flow through a vacuum). 
Thermal radiation is part of the electromagnetic spectrum that includes x-rays (short 
wavelength), light and radio waves (long wavelength). A useful way (although the 
analogy should not be taken too far) of conceptualising thermal radiation is therefore 
to relate it to light. In any environment there will be continuous energy exchanges, 
reflections, absorptions and so on. As a person moves around a room, the lighting 
environment (and thermal radiation) may change. At any point in space, therefore, 
there is a unique radiation environment.

McIntyre (1980) describes the concept of the radiation field. At any point in a 
radiation field there will be a dynamic exchange (e.g. in time and direction) of energy 
(heat) by radiation. The overall radiation field, in a room for example, can be defined 
in terms of heat transfer or, more conveniently, in terms of radiant temperatures. 
In the assessment of humans in thermal environments it is the radiation exchange, 
at the position of the person in the radiation field, that is important. This can be 
analysed to increasing levels of complexity. For convenience, radiant temperatures 
are used, which are defined by McIntyre (1980) as ‘the temperature of a black body 
source that would give the same value of some measured quantity of the radiation 
field as exists in reality’. Two radiant temperatures are commonly used to summa-
rise the radiant heat exchange between the human body and the environment: the 
mean radiant temperature, which provides an overall average value, and the plane 
radiant temperature, which provides information concerning direction of radiant 
exchange (and if measured in different directions can give variations in direction 
about the mean radiant temperature). Plane radiant temperature will be important, 
for example, where relatively large radiant ‘sources’ are present in an environment 
at a specific orientation to the body (e.g. electric fires, steel furnace, heated ceiling, 
the sun or a very cold wall).
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Mean Radiant Temperature (tr)
The mean radiant temperature is defined as ‘the temperature of a uniform enclosure 
with which a small black sphere at the test point would have the same radiation 
exchange as it does with the real environment’. The use of the sphere in the defini-
tion shows the average in three dimensions. The reference to an equivalent effect in 
the defined standard environment is a widely used technique. The definition above is 
generally used and is consistent with the concept of the radiation field. For a sphere, 
the mean radiant temperature will not depend on its orientation in the surroundings. 
For a nonspheroidal shape such as the human body, the concept of the effective mean 
radiant temperature is used: ‘the temperature of a uniform enclosure with which the 
test surface would have the same radiation exchange as it does with the real environ-
ment’. This will depend on the orientation of the object in the surroundings.

There has been some inconsistency in defining mean radiant temperature. ISO 
7726 (1998), for example, gives the definition: ‘The mean radiant temperature is 
the uniform temperature of an imaginary enclosure in which radiant heat transfer 
from the human body is equal to the radiant heat transfer in the actual non uniform 
enclosure’. This standard, and other references (e.g. Fanger, 1970), define mean radi-
ant temperature directly with respect to the human body. The use of a sphere is 
therefore regarded as an approximation to the mean radiant temperature (still given 
the symbol tr). The use of an ellipsoid or cylindrical sensor is then said to be superior 
as it represents the shape of a standing person more closely than a sphere. The mean 
radiant temperature will thus depend on the orientation of the human body in the 
radiation environment.

The mean radiant temperature for the human body can be calculated from the 
temperature of surrounding surfaces and their orientation with respect to the body. 
The methods of measurement, analysis and calculation are described in Chapter 5.

Plane Radiant Temperature (tpr)
ISO 7726 (1998) defines the plane radiant temperature as ‘the uniform temperature 
of an enclosure where the radiance on one side of a small plane element is the same 
as in the non-uniform actual environment’. McIntyre (1980) defines the plane radiant 
temperature at a point as ‘the temperature of a uniform black hemisphere, centred on 
a plane element with its basal plane in the plane of the element which would give the 
same irradiance on the element’. (He defines irradiance as the flux per unit area fall-
ing on a surface from all directions.) The point is that the plane radiant temperature 
is related to radiant exchange in one direction. Both definitions refer to a small plane 
element at a point. The confusion between definitions relating to either a point or to 
the human body does not seem to apply. However, the effects of directional radiation 
will clearly be influenced by the orientation of the body.

The plane radiant temperature can be measured in many orientations: for exam-
ple, up/down, left/right and front/back. It can also be measured in the direction of 
a radiation source such as the sun. The projected area factor is estimated as Ap/Ar, 
where Ap is the surface area projected in one direction and Ar is the total radiant sur-
face area. For example, for a standing man, the up/down projected area factor is low 
(0.08). It is higher for left/right orientation (e.g. 0.23) and higher again for front/back 
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(e.g. 0.35). If one could imagine the plane radiant temperature measured on the six 
faces of a cube, then ISO 7726 (1998) gives the following equation as an estimate of 
the mean radiant temperature for a standing man:

	
t

t t t t t t
r

pr1 pr2 pr3 pr4 pr5 pr6=
+( ) + +( ) + +( )

+
0 08 0 23 0 35

2 0 08 0
. . .

. .223 0 35+( ). 	
 (1.17)

where tpr1 to tpr6 are the plane radiant temperatures in directions (1) up, (2) down, (3) 
right, (4) left, (5) front and (6) back.

This point can also be shown (and values estimated) using photographic tech-
niques (e.g. Fanger, 1970; Underwood and Ward, 1966; see Figure 1.2). To avoid 
possible confusion, the reader should distinguish between Ap/Ar, the projected area 
factor in one direction and Ar/AD, the effective radiation area factor, since the latter 
is the ratio of the total area of the body ‘available’ for radiant exchange divided by 
the total surface area of the body (AD; see Chapter 2). It will depend on posture. ISO 
7933 (1989) gives a value for Ar/AD of 0.77 for a standing person, 0.72 sitting and 0.67 
crouched. Clearly, the integration of projected area factors over all directions gives 

Azimuth
0° 45° 90° 90°0° 45° 0° 45° 90°

0°

30°

63°

90°

Walking Crouching

Shovelling Planting Kneeling

Seated

0°

30°

63°

90°

Altitude

FIGURE 1.2  A section of silhouettes of a subject in various postures, corresponding to the 
areas illuminated by the sun’s rays at the angles of altitude and azimuth shown. (Adapted 
from Underwood, C.R. and Ward, E.J., Ergonomics, 10, 399–410, 1966.)
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Ar. Radiant temperatures are further discussed in Chapter 2, in relation to radiant 
heat transfer.

Solar Radiation

The principles in the use of radiant temperatures apply equally for indoor and out-
door environments. However, the particular nature of solar radiation in terms of 
its quality (spectral content), intensity and directional properties requires it to be 
given special consideration. Radiant heat is part of the electromagnetic spectrum 
(see Figure 1.1).

Any effects of radiation intensity may be due to both the level of radiation and its 
wavelength or spectral content. It will also depend on the direction of the radiation 
received by the body and the body posture and orientation.

Quantity: Solar Radiation Level
At the mean distance of the earth from the sun, that is, 1.5 × 1011 m, the irradiance of 
a surface normal to the solar beam is known as the solar constant. Satellite measure-
ments provide a value of 1373 W m–2 for the solar constant. Direct solar radiation 
at the ground, however, has a maximum value of about 1000 W m–2 as some heat is 
scattered and absorbed by the atmosphere. This is further absorbed by cloud cover, 
aerosols, pollution and so forth (see Figure 1.3).

Quality: Spectral Content of Solar Radiation
The total energy emitted by the sun (E) is obtained by multiplying the solar constant 
by the area of a sphere at the earth’s mean distance d:

	 E d= × = ×4 1373 3 88 102 26π . W 	 (1.18)
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FIGURE 1.3  Solar radiation on three cloudless days at Rothamsted, UK (52°N, 0°W). 
During the middle of the day, the record tends to fluctuate more than in the morning and 
evening, suggesting a diurnal change in the amount of dust in the lower atmosphere, at least in 
summer and autumn. Three recorder charts were superimposed to facilitate this comparison. 
(Adapted from Monteith, J.L. and Unsworth, M.H., Principles of Environmental Physics, 2nd 
edn, Edward Arnold, London, 1990.)
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For black-body radiation the energy emitted obeys Stefan’s law, (E = σT4), so:

	
σ

π
T

r
4

26

23 88 10
4

= ×.
	

 (1.19)

The radius of the sun r = 6.69 × 108 m, and the Stefan–Boltzmann constant 
σ = 5.67 × 10−8 (W m−2 K−4), so from Equation 1.19 the temperature of the sun 
T = 5770 K (Monteith and Unsworth, 1990).
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FIGURE 1.4  Variation in the intensity of black-body radiation with wavelength. (a) 
T = 6000 K (approximately the emission temperature of the sun). (b) T = 200 K, 250 K 
and 300 K (range of earth emission temperatures). Note the differences in scale. (Adapted 
from Neiburger, M., Endinger, J.G. and Bonner, W.G., Understanding Our Atmospheric 
Environment, W.H. Freeman, San Francisco, 1982.)
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The higher the surface temperature of an object is, the shorter the wavelength of 
radiation that will be emitted (Wien’s law). The solar spectrum therefore has radia-
tion at much shorter wavelengths than terrestrial emission, where temperatures are 
much lower than those of the sun (see Figure 1.4). Note that the ultraviolet spectrum 
can be subdivided into ultraviolet A (UVA: 400–320 nm), which produces tanning 
in the sun, ultraviolet B (UVB: 320–290 nm), which is responsible for skin cancer 
and vitamin D synthesis, and ultraviolet C (UVC: 290–200 nm), which is potentially 
harmful but is absorbed by ozone in the stratosphere (see Table 1.5).

Solar Radiation and the Human Body
Santee and Gonzalez (1988) identify six radiation terms that are relevant to the thermal 
responses of the human body. There are three solar radiation terms – direct, diffuse (scat-
tered sky) and reflected (solar from the ground) – two thermal radiation terms (sky and 
ground) and the thermal radiation emitted from a person (see Figure 1.5). A commonly 
used term is the albedo, which is the amount of radiation reflected from a surface. It is 
calculated by dividing the amount reflected by the total amount arriving at a surface.

Direct Solar Radiation
Direct solar radiation arrives from the direction of the solar disc. This varies throughout 
the day and year due to the earth’s rotation on its own axis and its orbit around the sun. 
With respect to the human body, it will also depend on the body’s orientation and posture. 
Although direct solar radiation falls across the entire body surface area that is exposed 
to direct sunlight, the amount of direct solar radiation received is equal to the full radia-
tive intensity normal to the solar beam multiplied by the cross-sectional area of an object 
normal to the solar rays (Ap). This relationship is known as Lambert’s cosine law. Note 
that Ap values are normal to the direction of the sun. These can be seen in Figure 1.2. 
Underwood and Ward (1966) give the following equation for Ap for an average man:

	
Ap s s m= + +( )0 043 2 997 0 02133 0 00912 2 2. sin . cos . cos . sinθ θ φ φ

	
(1.20)

TABLE 1.5
Distribution of Energy in the 
Spectrum of Radiation Emitted by 
the Sun

Waveband (nm) Energy (%)

0–300 1.2

300–400 (ultraviolet) 7.8

400–700 (visible/PARa) 39.8

700–1500 (near 
infrared)

38.8

1500–∞ 12.4

100.0

a	 Photosynthetically active radiation.
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where:
	 θs = solar elevation angle = angle between the sun and the horizon (note that the com-

plementary angle to θs is θz = zenith angle = deviation of the sun from vertical)
	 ϕ = azimuth angle = orientation of the body relative to the sun: ϕ = 0 = facing 

directly towards or away from the sun; ϕ = 90 = sideways (shoulders towards 
the sun) (see Santee and Gonzalez, 1988)

Diffuse Solar Radiation
Diffuse solar radiation describes all other (than direct) scattered radiation received 
from a blue sky (including the very bright aureole surrounding the sun) and from 
clouds, either by reflection or transmission (Monteith and Unsworth, 1990).

Diffuse solar, reflected solar, ground thermal and sky thermal radiation are consid-
ered as isotrophic, that is the radiation is emitted in all directions from an area source. 
For a fuller description of solar radiation, the reader is referred to Monteith and Unsworth 
(1990). A description of how to measure solar radiation is provided in Chapter 5.

Temperature Charts and Scales

Temperature refers to how hot or cold an object or fluid is. It is related to heat content 
(i.e. temperature as average kinetic energy); however, temperature will also depend 
on properties such as specific heat capacity and mass. The thermal sensations of hot 
or cold are psychological phenomena and, although there are physiological mecha-
nisms in the body which respond to temperature, thermal sensation depends on such 

Ground reflection depends upon terrain

ReflectedReflected

Diffuse Diffuse

Dire
ct

Body

FIGURE 1.5  The impact of direct, diffuse and reflected solar radiation is dependent on the 
orientation of the individual relative to the radiation source. (Adapted from Pandolf, K.B., 
Sawka, M.N. and Gonzalez, R.R., Human Performance Physiology and Environmental 
Medicine at Terrestrial Extremes, Brown and Benchmark, USA, 1988.)
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things as previous experience, individual differences and rates of change of tem-
perature. Humans are therefore not good instruments for measuring temperature and 
cannot provide reliable temperature scales.

If there is no net heat flow between two objects in contact, then they are at the 
same temperature. The steady-state level of mercury in a glass thermometer placed 
in melting ice is the state of the mercury at the same temperature as melting ice. The 
state of the mercury in boiling water is its state at the temperature of boiling water. 
This provides the basis of thermometry and temperature measurement scales.

The origins of scales for quantifying temperature and temperature changes derive 
from human applications. In the early seventeenth century, Sanctorius (see Cetas, 
1985) developed an air thermometer and used it to measure oral and hand skin tem-
peratures. There are now three temperature scales in common use: the practical 
working scales of Celsius (sometimes called centigrade) and Fahrenheit, and the 
theoretical absolute temperature (Kelvin) scale.

Practical Working Scales (°C, °F)
Working scales of temperature are defined by assigning arbitrary values (e.g. 0 and 100) 
to the temperature of a reproducible known event (e.g. freezing or boiling). The Celsius 
(°C) and Fahrenheit (°F) scales use two points. The temperature of the freezing point of 
water is given the value 0°C and 32°F. The temperature of the boiling point of water is 
given the value 100°C and 212°F (at 1 atm pressure). The Celsius scale is divided into 
100 equal divisions or degrees (1°C difference) and the Fahrenheit scale into 180 equal 
divisions (1°F difference). A simple method of converting from one to the other is by 
equating the 180°F to 100°C temperature difference. Therefore, for temperature differ-
ence 180F = 100C, so:

	 F C C F= =9
5

5
9or 	

temperature difference, and as 0°C = 32°F the scale values convert using

	 F C C F= + = −( )9
5

5
932 32or 	

For example, a body temperature of 98.4°F gives

	

C = −( )
=
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A body temperature of 37°C gives

	

F = × +

=

9
5

37 32
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The Celsius scale is the most widely used throughout the world and is an SI unit; 
however, the Fahrenheit scale is still used, for example, in the United States.


